Considerable effort has been devoted to improving current rechargeable lithium batteries, owing to the ever-increasing demand for high-energy-density, safe and economical energy storage for portable electronics as well as electric vehicles.^[@ref1],[@ref2]^ Lithium metal is the most attractive anode candidate as a result of its high theoretical specific capacity of 3860 mAh g^--1^ (compared to 372 mAh g^--1^ for carbon anode) and its low electrochemical potential (−3.04 V versus standard hydrogen electrode). Lithium metal therefore is the choice of anode for advanced high-energy batteries such as Li--S battery, Li--air battery, and the like.^[@ref3]−[@ref5]^ However, the formation and growth of Li dendrites during repeated cycles of charge/discharge and the highly reactive nature of Li metal limit the commercialization of lithium metal anode.

Different graphite and silicon anodes undergo volume changes of about 10% and 400% respectively during the lithiation process; Li metal is a "hostless" electrode with a virtually infinite relative volume change during Li stripping/plating leading to significant mechanical instability. In addition, the highly reactive Li metal can decompose the liquid electrolyte to form an insoluble layer of solid--electrolyte interphase (SEI). This unstable SEI layer cannot accommodate the unavoidable volume change, which introduces the formation of cracks, pits, and crevices with low impedance during Li plating/striping. Subsequently, the cracks in the SEI expose fresh Li metal and locally enhance the flux of lithium ions, which in turn further promotes the growth of uneven Li filaments and dendrites. Furthermore, dendritic Li with large specific surface area can continuously decompose the electrolyte, resulting in low Coulombic efficiency and short cycle life ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref6]−[@ref10]^ These dendrites can ultimately occupy all of the free space in the battery and penetrate the separator, leading to a short circuit in the cell, and cause overheating and fire.

![Schematic diagrams of the different Li anode structures. (a) A thin film of SEI layer forms quickly on the bare Cu surface of deposited Li. Volumetric changes during the Li deposition process can easily break the SEI layer, especially at high current rates. This behavior leads to ramified growth of Li dendrites and rapid consumption of the electrolyte. (b) Modified Cu electrode coated with a SiO~2~\@PMMA nanosphere layer. The volumetric change of Li deposition/dissolution is accommodated by the coating of SiO~2~\@PMMA nanospheres. Nanoscaled pores are able to suppress lithium dendrites. Note that in order to indicate the packing of nanospheres more clearly, each monolayer is given a different color.](oc-2016-00389u_0001){#fig1}

Accordingly, a large number of studies have explored various approaches to suppress lithium dendrites by improving the stability and uniformity of the SEI on the lithium anode surface by optimization of solvents,^[@ref11]^ salts,^[@ref12],[@ref13]^ electrolyte additives,^[@ref14],[@ref15]^ and inorganic compounds.^[@ref16]^ The formation of alloys during Li deposition using metal cation additives has also been considered.^[@ref17]−[@ref20]^ Although these approaches are promising, the performance is still not satisfactory as the weak SEI film cannot completely eliminate dendrite growth^[@ref21]^ and consumption of the additives to depletion. Therefore, various rational designs of a "host" for lithium have been demonstrated including hollow carbon spheres,^[@ref22]^ graphene oxides,^[@ref23]^ and carbon^[@ref24]^ and polymer nanofibers.^[@ref25]^ Moreover, various interfacial layers have been also proposed to impede the Li dendrite growth,^[@ref26]−[@ref28]^ including hollow carbon spheres,^[@ref26]^ boron nitride,^[@ref27]^ and graphene.^[@ref28]^ Solid state electrolyte can block Li dendrite growth although most of them have limited ionic conductivity and low interfacial chemical stability.^[@ref29]−[@ref31]^

Building a robust interface layer capable of accommodating the volumetric expansion of Li deposition without breaking yet suppressing dendrite growth without blocking Li-ion conduction would be a promising approach. Herein, we demonstrate a nanoporous, flexible and electrochemically stable coating of SiO~2~\@PMMA core--shell nanospheres on lithium metal anode which successfully addresses the previously outlined concerns. Lithium dendrites are likely to be blocked by the coating of SiO~2~\@PMMA core--shell nanospheres, due to the high modulus of 68 GPa for the SiO~2~ core.^[@ref32]^ It should be noted that the elastic modulus of the layer of SiO~2~\@PMMA core--shell nanospheres would give a better metric for whether it is theoretically prone to resist lithium dendrite growth. The PMMA shell serves to adhere the SiO~2~ nanospheres together to form a robust and flexible membrane which also protects the SiO~2~ from reacting with Li. The nanoscaled pores formed among the packed core--shell nanospheres are small enough, which would be smaller than critical nucleation size of Li metal dendrite (several hundred nanometers),^[@ref27]^ which does not allow thin dendrite to penetrate through, as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. When there is SEI formed on Li metal, the bottom of such a nanoporous film can be part of the SEI composite.

Morphological and Structural Analysis {#sec1.1}
=====================================

SiO~2~ nanospheres with various diameters were synthesized by a modified Stöber synthesis according to the literature.^[@ref33]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b displays the transmission electron microscope (TEM) image for the spherical SiO~2~ particles with a close-packed aggregate, showing a uniform distribution of diameters. Three SiO~2~ nanopheres adjoin together to form a pore that shows an approximate triangular shape (here we only consider two-dimensional packing plane) with nanometer scale length. Monodisperse and concentric SiO~2~\@PMMA core--shell nanocomposites were synthesized by seeded emulsion polymerization,^[@ref34]^ as schematically illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. In a typical synthesis, silica colloids modified by 3-(trimethoxysilyl)propyl methacrylate (MPS), sodium dodecyl sulfate, methyl methacrylate (MMA), water, and isopropanol were mixed in a three-necked round-bottomed flask. After degassing with nitrogen, the mixture was heated to 70 °C, followed by an injection of potassium persulfate (KPS) solution to initiate the polymerization. The reaction was maintained at 70 °C for 7 h. The concentration of MMA can be controlled to modify the thickness of the PMMA shell. It is found that the thickness of the PMMA shell increases uniformly with the concentration of MMA monomers at the early stage of polymerization, forming concentric core--shell nanosphere morphology. With continuous polymerization, excess MMA monomers are absorbed in the cross-linked polymer networks, which results in phase separation of the monomer from the network and eventually additional bulges attaching to the original particles and even free PMMA colloids, due to the elastic stress driven by the entropy change of the swollen networks. Therefore, higher concentration of MMA monomers increases the possibility of phase separation, ellipsoidal bulges, and free colloids.^[@ref34]^ However, careful multiple centrifugations are able to remove the free PMMA nanoparticles. The monodisperse core--shell nanospheres were then dispersed in *N*-methylpyrrolidone (NMP) with the aid of ultrasonic agitation. Finally, the coating of SiO~2~\@PMMA core--shell nanospheres on Cu foil was easily obtained by casting with a doctor blade and then dried in vacuum overnight to completely remove the NMP solvent. It can be seen that the freestanding membrane (thickness is 5 μm) formed by the SiO~2~\@PMMA core--shell nanospheres is highly flexible, as shown in the inset photo of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a.

![Schematic diagrams for the preparation of SiO~2~\@PMMA core--shell nanosphere coated electrode and microstructures for nanospheres with various dimensions. (a) SiO~2~ nanospheres were first functionalized with (H~3~CO)~3~Si. Monodisperse SiO~2~\@PMMA core--shell nanospheres were synthesized by seeded emulsion polymerization. SiO~2~\@PMMA nanosphere coated Cu electrodes were synthesized by slurry casting. The inset figure indicates that the membrane (thickness is 5 μm) formed by the SiO~2~\@PMMA core--shell nanospheres is flexible. (b) TEM image of the SiO~2~ nanospheres. (c--e) TEM images of the SiO~2~\@PMMA nanospheres of (c) 450\@20, (d) 550\@20, and (e) 550\@10 nm. The inset figures show the subtriangular pores formed between three nanospheres with various diameters. (f--k) Top-view and cross-sectional SEM images of the SiO~2~\@PMMA nanospheres with (f, i) 450\@20, (g, j) 550\@20, and (h, k) 550\@10 nm coated on Cu foil.](oc-2016-00389u_0002){#fig2}

Fourier transform infrared (FTIR) transmittance spectra in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf) confirm that PMMA is successfully coated on the surface of SiO~2~ by the appearance of C=O bond for the nanospheres after polymerization.^[@ref35]^ Thermogravimetry (TG) is widely used for the determination of the weight ratio of inorganic/organic hybrid composites. As shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf), the TG curves show that a rapid weight loss around 350--400 °C is mainly due to the dehydrogenation of PMMA. After the decomposition of PMMA, the inorganic SiO~2~ core remains, showing a weight ratio of about 70% and 55% for 550\@10 and 550\@20 nm (defined as diameter of the silica core @ thickness of the PMMA shell) nanopheres, respectively.

A series of TEM images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c--e and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf)) show the morphologies of SiO~2~\@PMMA core--shell nanopheres, which indicate that the SiO~2~ nanoparticle lies in the center of the colloids with clearly distinguishable core--shell structures. The SiO~2~ cores with diameters of 350, 450, and 550 nm and the PMMA shells with thicknesses ranging from 10 to 45 nm were synthesized controllably. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f--h shows the top view SEM images of the coatings consisting of SiO~2~\@PMMA nanospheres, indicating a uniform morphology with high porosity. The cross-sectional SEM images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}j,k) exhibit that the neat and flat coatings consist of approximately three monolayers of SiO~2~\@PMMA nanospheres with around 1.2 μm thickness. The digital photos and optical images in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf) show the Cu foils coated with nanospheres layers after sticking and stripping from tapes (colored label tape, Fisher Scientific), suggesting a strong adhesion between Cu foil and coating layer. The SiO~2~\@PMMA coating is capable of accommodating the bending of the Cu foil without the appearance of cracks, as shown in [Figure S4d--g](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf).

For an interfacial porous layer with the function of blocking lithium dendrite and sustaining the ionic flux through it, the pore structure directly determines its permeability, tortuosity, and ionic conductivity and then affects battery performance. For the same thickness of coating, it should be noted that smaller pores might give rise to a longer pathway due to the increased tortuosity, compared with larger pores that are able to provide a more direct pathway and higher ionic conductivity. Increasing the pore size can also reduce the membrane's mechanical properties. Therefore, the pore size of the interfacial porous layer plays a significant role in determining the electrochemical performance of lithium metal anode due to the trade-off between ionic conductivity and modulus.^[@ref36],[@ref37]^ It can be seen from the inset images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c--e that the size of the subtriangular pore increases with the increase in diameter of SiO~2~ and decrease in thickness of PMMA. Typically, for 550\@10 nm SiO~2~\@PMMA nanospheres, the length of the triangular pore is about 120 nm, which is small enough to prevent Li dendrite growth (critical size is several hundred nanometers) but large enough that it does not hinder the transport of Li ions.^[@ref27]^ The electrochemical performance of the cell using the electrode coated with SiO~2~\@PMMA nanospheres may be improved based on this special microstructure.

Electrochemical Testing {#sec1.2}
=======================

Investigation of dendrite growth was carried out under conditions of Li plating/stripping at a current rate of 1 mA cm^--2^ and deposition capacity of 2 mAh cm^--2^ after 10 cycles, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The direct deposition of Li metal onto a bare Cu electrode results in ragged growth of mossy Li dendrites ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). In sharp contrast, Li dendrites do not appear on the electrode coated with an interfacial layer of SiO~2~\@PMMA nanospheres ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d). Instead, an evenly confined deposition of Li underneath the coating is observed ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e and [3](#fig3){ref-type="fig"}f). Compared with SiO~2~\@PMMA nanospheres before the deposition/dissolution of lithium, the coating after multiple cycles shows little variation in the morphologies, which indicates the good physical stability of the coatings. Therefore, the modulus of the layer of SiO~2~\@PMMA core--shell nanospheres is high enough to block lithium dendrite growth. The SiO~2~\@PMMA nanosphere layer is capable of suppressing dendritic lithium by acting as a robust and conformal shield.

![Li deposition on Cu substrate with and without protective layer of SiO~2~\@PMMA nanospheres. (a) Top-view SEM image of deposited Li metal on bare Cu substrate. (b--d) Top-view SEM images of the 10th lithium deposition on Cu substrate with interfacial layer of SiO~2~\@PMMA nanosphere of (b) 450\@20, (c) 550\@20, and (d) 550\@10 nm at current rate of 1.0 mA cm^--2^. (e, f) Cross-sectional SEM images of the 10th lithium deposition on Cu substrate with interfacial layer of SiO~2~\@PMMA nanospheres of 450\@20 nm.](oc-2016-00389u_0003){#fig3}

To substantiate the practicality of a SiO~2~\@PMMA nanosphere modified electrode and its chemical stability in contact with lithium metal, a coin cell consisting of this electrode and lithium foil as counter electrode were used to study the cycling stability and Coulombic efficiency of Li plating/stripping, as shown in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [4](#fig4){ref-type="fig"}b. 1 M LiPF6 in 1:1 ethylene carbonate (EC) and diethyl carbonate (DEC) (BASF Selectilyte LP40) was added as electrolyte. The Coulombic efficiency of the Li deposition/dissolution can be calculated from the capacity ratio of Li removed from the Cu electrode to that deposited during the same cycle. The cell with bare Cu electrode shows a gradual decrease in Coulombic efficiency, which eventually decays to 68% and 56% after 50 cycles at 0.5 mA cm^--2^ and 1.0 mA cm^--2^, respectively. It is reasonable that less and less Li can be stripped from the Cu electrode with each cycle of deposition/dissolution since a large surface area of Li metal dendrites consumes electrolyte very fast. For the Cu electrode coated with SiO~2~\@PMMA nanospheres of 450\@20, 550\@10, and 550\@20 nm, the Coulombic efficiency is maintained at about 87%, 83%, and 81% at 0.5 mA cm^--2^ respectively after 50 cycles. When tested at a higher current density of 1.0 mA cm^--2^, a Coulombic efficiency of 90% after 50 cycles is achieved for the modified electrode with 550\@10 nm nanosphere coating. It is worth addressing that, for practical batteries, areal capacities \>3 mAh cm^--2^ are needed. Cycling at various areal capacities (1.0, 2.0, and 4.0 mAh cm^--2^) at a constant current density of 1.0 mA cm^--2^ has been performed as shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf), which demonstrates improved Coulombic efficiency due to the coating of SiO~2~\@PMMA nanospheres. Additionaly, the Coulombic efficiency could be further improved by the use of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 1 M) in cosolvent of 1,3-dioxolane and 1,2-dimethoxyethane (DOL/DME, 1:1 by volume) with lithium nitrate (1 wt %)^[@ref26]^ as electrolyte or with electrolyte additives such as lithium polysulfide.^[@ref38]^

![Electrochemical characterization of the electrodes for Li deposition/dissolution. (a, b) Comparison of Coulombic efficiency of Li metal anode with and without SiO~2~\@PMMA nanosphere coating at various current rates of (a) 0.5 mA cm^--2^ and (b) 1.0 mA cm^--2^ with the same areal capacity of 2.0 mAh cm^--2^. (c) Experimental impedance spectra for the electrode with and without interfacial layer of SiO~2~\@PMMA nanospheres before and after the first and 10th cycles. (d) Experimental and fitted impedance spectra for the electrode with and without coating after the 10th cycle, and equivalent circuit. In the equivalent circuit, R1 is the electrolyte resistance. R2 and R3 correspond to the current collector/electrolyte interface and Li/electrolyte interface, respectively. CPE1 and CPE2 are the constant phase elements to fit capacitances. The straight line in the lower frequencies is due to an ion diffusion limited process contributing to an impedance response (Warburg impedance *Z*~w~).](oc-2016-00389u_0004){#fig4}

Furthermore, AC impedance spectroscopy measurements of cells with Cu electrode with and without the nanosphere coating were taken to gain insight into the extent of dendrite growth during extensive cycling. Typical impedance spectra measured at various cycles of Li deposition/dissolution are given in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [4](#fig4){ref-type="fig"}d. At high frequencies, the intercept with the *x*-axis corresponds to the ohmic resistance (R1 in the equivalent-circuit model) of the cell including the electrolyte resistance and contact resistances from electrode leads and terminals.^[@ref39]^ The semicircle at high and intermediate frequencies is ascribed to the electrode/electrolyte interface for the pristine cell, and the spike at low frequencies corresponds to lithium ion diffusion. It can be observed that the cell using the electrode coated with a layer of SiO~2~\@PMMA nanospheres has lower interfacial resistance (180 Ω) than the control electrode (230 Ω), due to the better wettability of the coating with the electrolyte ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf)). Meanwhile, the reduction of polarization (hysteresis) in the voltage profile during Li deposition/dissolution is shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf), which confirms the lower polarization in the cell using the modified electrode. It is worth noting that, after the first cycle and 10th cycles of Li deposition/dissolution, the interfacial impedance gradually reduces. The drop in resistance is associated with the growth of lithium dendrites that increase the interfacial area between the electrolyte and lithium metal, which results in the reduction of resistance according to Li/electrolyte interface (R3).^[@ref39],[@ref40]^ Moreover, after 10 cycles, the semicircle is suppressed strongly and splits into two separate semicircles attributed to two different processes. The impedance spectroscopy of the cells after 10 cycles, together with well-fitted spectra, are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, demonstrating that the two separated semicircles are represented by two parallel combinations of resistance and capacitance from electrode/electrolyte interface in addition to the Li/electrolyte interface (Li dendrite). It indicates that, compared with the cell using bare Cu electrode (from 230 Ω to 42 Ω), the cell using core--shell nanophere coated electrode has less reduction of interfacial resistance (from 180 Ω to 45 Ω), implying the suppression of lithium dendrite growth.

Consequently, the coating of SiO~2~\@PMMA core--shell nanospheres plays a critical role in the uniform deposition of Li metal and the stability of SEI formation, an explanation for which should be considered here. The core--shell structure produces a synergistic effect between the core and shell to prevent Li dendrite growth. The SiO~2~ core with high Young's modulus can suppress lithium dendrite growth. The nanoscaled pores formed by the coating of SiO~2~\@PMMA core--shell nanospheres are so small that lithium dendrites cannot penetrate the membrane, but Li ions can diffuse without being blocked. The PMMA shell is able to stick the SiO~2~ spheres together to form a robust and flexible membrane that can accommodate volume change during Li deposition/dissolution without cracking and can also prevent reaction between SiO~2~ and Li metal. In addition, [Figure S6a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf) shows the comparison of liquid electrolyte uptake between a commercial Celgard polyethylene separator and a SiO~2~\@PMMA membrane, which indicates a much larger electrolyte uptake for the latter. It is known that the dendrite growth is more pronounced when there is inhomogeneity of Li^+^ flux. Hence the capability of absorbing electrolyte can make the lithium flux uniformly distributed across the Li metal surface. Moreover, commercial Celgard separator has a melting point of about 135 °C^[@ref41]^ and can lose dimensional stability upon exposure to high temperatures above 100 °C, as shown in [Figure S6c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf). In sharp contrast, the freestanding SiO~2~\@PMMA membrane exhibits extremely small thermal shrinkage attributed to the inorganic SiO~2~ core, indicating excellent thermal stability.

In summary, we have demonstrated a novel design of SiO~2~\@PMMA core--shell coating on lithium metal anode that can provide a cheap and facile approach to successfully suppress the growth of lithium dendrites. This SiO~2~\@PMMA coating also satisfies many other requirements, such as conduction of lithium ions, good mechanical and thermal stability, and high flexibility, owing to the synergistic effect of SiO~2~ and PMMA. Improved cycling Coulombic efficiency was achieved for the electrode coated with SiO~2~\@PMMA nanospheres at various current densities and areal capacities. It is envisioned that the application of SiO~2~\@PMMA coatings for high-energy-density lithium metal batteries will contribute to improved safety and performance.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.6b00389](http://pubs.acs.org/doi/abs/10.1021/acscentsci.6b00389).Complete experimental details and additional characterizations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00389/suppl_file/oc6b00389_si_001.pdf))
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